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Abstract

Introduction

Background: Stainless steel wires are commonly used to
close the sternum after cardiac-related operative procedures.
However, complications have been reported associated with
fracture of wires and subsequent migration into the chest
cavity. The objective of this study was to biomechanically
evaluate the role of surgeons in contributing to wire failure.
We hypothesized that surgeons may impose damage to the
sternal wire, which may be exacerbated by postoperative
wire degradation and patient movement.
Methods: A biomimetic sternal model and custom test
fixture simulated a median sternotomy. The sternum was
closed by a fellowship-trained cardiothoracic surgeon using
figure-of-eight and simple closure techniques. Closures were
completed using No. 7 gauge wires made of 316 L stainless
steel. Force data were collected at each costal cartilage
level (six or eight levels), at each closure stage (three or two
stages), for all 10 figure-of-eight and simple closures (n =
20 bones), respectively. Post hoc analysis of ultimate tensile
stress in the wires determined potential for failure.
Results: The mean (SD) force for all tests was 220.5 N
(59.4 N) using the figure-of-eight technique and 182.8 N
(79.5 N) using the simple technique. The mean ultimate
stress in the wires was 346 MPa and 286 MPa for figureof-eight and simple techniques, respectively. We found that
a significant number of observed forces exceeded the yield
strength of the wire during closure (figure-of-eight, 126 of
178; simple, 73 of 160).
Conclusions: Weakened areas of the wire likely define
the locations of wire fracture, initiated by the surgeon, but
exacerbated by wire degradation or patient movement.

Median sternotomy is the most common procedure
performed for open-heart cardiac operations. The sternum
is cut longitudinally and the sternal halves are separated
to allow access to the chest cavity. After the procedure, the
sternum is traditionally closed with stainless steel wires.
However, numerous complications have been reported
when the wires fracture, causing migration of wires into
cardiac chambers, great vessels, and the abdomen.1-10 Several
studies have focused on wire degradation and corrosion or
patient movement as the reason for failure of sternal wires,
which has resulted in those complications.11-18 This process
may be exacerbated by wire degradation caused by longterm implantation or postoperative movement of patients.
Furthermore, during closure of the sternum, surgeons
typically exert axial forces on the wire. These force-based
loads may introduce mechanical stresses that exceed the
yield strength of the wire material (ie, point at which the
material begins to permanently deform, but not fail),
thereby weakening the wire. To our knowledge, no research
has examined the role of surgeons in sternal wire failure.
Furthermore, no studies have quantified the axial force
applied by surgeons during placement of sternal wires.
We evaluated the potential role of surgeons in
contributing to wire failure by measuring axial forces
applied to sternal wires. Forces were placed by a fellowshiptrained cardiothoracic surgeon using figure-of-eight and
simple closure techniques until appropriate approximation
of sternal edges was found. We hypothesized that surgeons
may impose damage to sternal wires during operative
procedures.
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Methods
All tests were performed using a biomimetic sternum
specially designed by the manufacturer with a density of
50 pcf (Sawbones, Pacific Research Laboratories, Vashon
Island, WA) and included the manubrium, xiphoid process,
and costal cartilage. The model was divided midline using a
bandsaw to simulate a median sternotomy.
A custom test fixture was designed to simulate
sternal attachment to ribs and provide resistance to reapproximation of the bones (Figure 1). The fixture used a
crossed-rail system, which allowed for lateral movement of
the sternal halves during re-approximation (ie, along the
y-axis) and superior-inferior positioning of the sternum for
placing each closure level over the load cell during repair
(ie, along the x-axis). The sternal halves were fixed to the
testing apparatus through the manubrium and most distal
costal cartilage. Lateral forces were applied using medium
strength TheraBand, held taut before closure, to replicate
the forces exerted by the pectoral muscles (The Hygenic
Corporation, Akron, OH). The testing apparatus was
rigidly attached to a 15-kN axial load cell for testing. An
MTS FlexTest 100 controller and Basic Testware software
recorded the force applied during the procedure (MTS
Systems, Eden Prairie, MN).

manubrium, ending near the xiphoid process.
During testing, the data collection was segmented
by stages of closure. The figure-of-eight closures had
three stages: approximation, initial twist, and slack. The
approximation stage involved the positioning of the wires
into their appropriate locations and crossing the wires over
the sternum to secure positions. The initial-twist stage
included wire tensioning and an initial twist was placed in
each individual wire. The slack stage involved the twisting
of the wires until the sternotomy had been appropriately
re-approximated. Two stages composed the simple
closures: initial twist and slack. Ten full sternal closures (ie,
experiments) were performed using each closure technique.
Force data were collected at each level of costal cartilage
(six or eight levels) and closure stage (there or two stages)
for all 10 figure-of-eight and simple closures (n = 20 bones),
respectively. Maximum applied axial force for each test
was recorded. A one-way analysis of variance (commonly
known as ANOVA) with the Tukey honestly significant
difference (HSD) post hoc test was used to compare all
experiments, wires, and stages for each closure type.

Results
The data for two wires in the approximation stage of a single
sternum (experiment) fixed with figure-of-eight wire were
not collected because of controller error, and 344 of 346
independent maximum force observations were collected
for analysis (178 figure-of-eight, 160 simple). Owing to
large sample size, only relevant post hoc significances were
reported.
Figure-of-Eight Technique

Figure 1. Experimental test setup showing sternal halves
positioned in the custom designed testing fixture. A force of 15
kN is positioned under the fixture to collect data on applied axial
load during closure.

The sternum was closed by a fellowship-trained
cardiothoracic surgeon using six or eight wires for the
figure-of-eight and simple closure techniques, respectively.
All closures were completed using No. 7 surgical steel wires
made of 316 L stainless steel, with ultimate tensile strength
and yield strength at 515 MPa and 205 MPa, respectively
(ASM Aerospace Specification Metals, Inc, Pompano Beach,
FL). Placement of wires for the figure-of-eight closure began
near the xiphoid process and ended at the manubrium.
Placement of wires for the simple closure began at the

The force (SD) for all combined tests was 220.5 N (59.4 N).
Results of ANOVA testing showed statistically significant
differences in force between experiments (P = 0.0001),
wires (P = 0.01), and stages (P = 0.0001). Applied forces in
experiments one, two, and three were lower than in all other
experiments except five (Figures 2A and 2B). Applied forces
for placement of wires one and two were lower than required
for placement of wire six (Figures 3A and 3B). Forces applied
in the initial twist stage were lower than those applied in the
approximation and slack stages (Figures 4A and 4B).
Simple Technique
The force (SD) for all combined tests was 182.8 N (79.5 N).
Results of ANOVA testing showed statistically significant
differences in applied force between experiments (P = 0.01)
and stages (P = 0.0001). Force in experiment one was lower
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than the measured force in experiment two. Additionally,
the forces applied in the initial-twist stage were lower than
those applied in the slack stage.

A
A

B
Figure 4. Means and 95.0% Tukey honest significant difference
intervals of force (kN) by stage for (A) figure-of-eight and (B)
simple closures. Results include all wires across all experiments
at each stage.

B
Figure 2. Means and 95.0% Tukey honest significant difference
intervals of force (kN) by experiment for (A) figure-of-eight and
(B) simple closures. Results include data for all wires and stages
for each experiment.

Ultimate Stress in Wires
Knowing the maximum loads of each observation (n = 344)
and the cross-sectional area of the No. 7 surgical steel wire
(0.9 mm), the ultimate tensile stress applied to each wire was
calculated using the following equation for uniaxial loads:

The mean ultimate tensile stress applied was 346 MPa and
286 MPa for figure-of-eight and simple wires, respectively.

Discussion
A

B
Figure 3. Means and 95.0% Tukey honest significant difference
intervals of force (kN) by wire for (A) figure-of-eight and
(B) simple closures. Results include data from all stages and
experiments.
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Significant difference was minimal in applied force by
wire between techniques. Notably, wires that experienced
the highest applied force were placed in the region of the
manubrium. The wires placed in the manubrium passed
through the bone and experienced greater resistance when
being pulled tightly to approximate the sternal halves
during stage three of closure. Sternal wires placed around
the sternal body were subject to less friction when pulled.
In comparing stages of each technique, the slack stage
required the greatest amount of force because it was the last
stage of the procedure and tight approximation of sternal
halves was required to prevent sternal dehiscence. The 95%
Tukey HSD tests within each stage in the data collected
were narrow, indicating a very consistent determination

of re-approximation by the surgeon. The consistency is
further demonstrated by the fact that the experiments were
performed on different weeks.
The current study has several limitations. Statistically
significant differences were observed in force by experiment
between use of wires one, two, and three for figure-ofeight methods and wire one for simple techniques, which
introduced a factor that was controlled for during testing.
During the experiments, the surgeon was on the top step
of a two-step stool but chose to step down to the first step
for subsequent tests. He felt as if he would not be positioned
so high above an actual patient when performing operative
treatment. This height difference of 22.7 cm (9 in) resulted
in a significant change in applied force by the surgeon,
indicating that surgeon height may be a factor in the level of
force and thereby the level of potential damage to the wire
induced by use of the surgical technique. Height difference
had less effect on the simple than figure-of-eight procedure.
Notably, in the currente study, post hoc calculation of the
ultimate tensile stress applied to the wires. Mean ultimate
tensile stress applied to figure-of-eight and simple wires was
286 MPa and 346 MPa, respectively. In comparison with
ultimate tensile strength (515 MPa) and yield strength (205
MPa) of No. 7 stainless steel surgical wires, a significant
number of observed forces exceeded the yield strength of
the wire during closure (figure-of-eight, 126 of 178; simple,
73 of 160). Mechanically, any applied stresses that exceeded
the yield strength of the wires were causing unrecoverable
deformation to the material. These weakened areas of the
wire likely define the locations of wire fracture, initiated by
the surgeon, but exacerbated by wire degradation or patient
movement. Further research may help investigatemclinical
impact of the role of surgeons in sternal wire failure, with
larger cohorts and alternative gauge wire commonly used
for this procedure.
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